An experimental apparatus has been designed and an approach developed for imaging individual oxide supported nanoparticles with scanning tunneling microscopy ͑STM͒ during their nucleation, growth, alloying, and ''real world'' chemical, thermal, and other in situ treatments. By careful selection of the tunneling conditions and using the STM tip to index the surface, it is demonstrated that preselected individual particles can be imaged at elevated temperatures while changing the reactive gas pressure over 12 orders of magnitude. The experimental challenges due mainly to tunnel junction instabilities, a relatively weak cluster-support interaction, and sample drift are considered and strategies to overcome these obstacles proposed. Using Au and Ag clusters deposited on TiO 2 (110) as a model system, the potential of the method is demonstrated for exploring on a particle-by-particle basis cluster growth, alloying, thermal coarsening, and the evolution of particle morphology in a reactive gas environment. An additional advantage of the approach is that a wide cluster size distribution can be synthesized and surveyed on the same substrate. The size effects on cluster morphology therefore can be probed in situ for a wide variety of treatments on preselected clusters.
I. INTRODUCTION
A solid state gas sensing device or model catalyst typically consists of an oxide onto which nanometer-size metal particles are supported, the latter being the chemically active element. It is well established that the chemical and physical properties of these nanoparticles dispersed on oxide surfaces exhibit a marked dependency on their size, shape, composition, and their interaction with the support.
1-15 A key to the design of practical devices for oxide-supported nanoparticles is an atomic level understanding of their role in chemical reactions and the mechanism͑s͒ of their deactivation. Although model catalytic studies rely to a large extent on the use of ultrahigh vacuum ͑UHV͒ surface science techniques, significant aspects of catalysis cannot be simulated under UHV conditions, e.g., the morphological evolution of nanoparticles in a reactive gas environment, 16 -19 sintering, 14 or encapsulation. 15 These limitations have stimulated efforts during the last decade to bridge the so called ''pressure gap'' and have resulted in the development of spectroscopic techniques for studying model catalysts in situ under elevated pressures and temperatures at or approaching realistic reaction conditions. [20] [21] [22] However, most of these methods are averaging techniques that do not provide nanoscale resolution. Therefore, there is a need to develop in situ methodologies for monitoring shape, size, and/or compositional changes in specific individual nanoparticles during annealing or exposure to a reactive gas.
Considerable progress in catalysts characterization under reaction conditions has been made using high resolution transmission electron microscopy ͑HRTEM͒ incorporating high pressure cells. [23] [24] [25] Although representing a significant advance in the in situ characterization of nanoparticles, this technique remains highly specialized and not widely accessible because of the experimental challenges and high costs. Scanning tunneling microscopy ͑STM͒, on the other hand, is a widely available technique and is able to operate with atomic ͑or near atomic͒ resolution over a wide temperature and pressure range, [15] [16] [17] [18] [19] [20] in liquids, 26 and in other adverse environments. 27 Despite the progress in the characterization of catalytically interesting surfaces using STM under reaction conditions, 28, 29 little data have been reported on oxidesupported nanoparticles. A major challenge in using STM while cycling the pressure and/or temperature over a wide range is the inherent sensitivity of the tunneling process to minute disturbances at the tunneling junction due to tip and/or sample instabilities or other ambient factors, e.g., noise transmittance, piezocreep ͑see discussion later͒, etc. An additional complication for oxide supported metal particles is the weak adhesion of many metals to the oxide substrate [3] [4] [5] leading to tip-induced particle mobility or bonding of the imaged particles to the tip. The presence of chemically active gases frequently accelerates these deleterious processes. 30 Because of these difficulties, most of the STM data to date of in situ nucleation and morphological evolution of oxidesupported nanoparticles have been acquired isothermally and within a limited pressure range ͑see Refs. 15-19͒ . A wide range of temperatures/pressures for oxide supported nanoparticles has been covered by acquiring so-called ''before-andafter'' STM snapshots. With this methodology, the initially imaged area is unavoidably lost due to sample transfer and/or a͒ drift of the microscope during sample treatment. The interpretation of data so acquired depends on the lateral homogeneity of the sample and usually requires considerable acquisition time for imaging several representative sample areas. This is a decisive drawback, especially for dynamical studies.
Here a strategy is demonstrated for monitoring the evolution of individual nanoparticles in situ during their growth, alloying, high temperature annealing, and chemical treatment. A particular advantage of the approach is that a wide cluster size range can be produced and compared simultaneously on an individual, cluster-by-cluster basis. The effects of size on cluster morphology can be probed for a variety of treatments on individually preselected clusters. Due to its demonstrated versatility, exciting possibilities for the use of this method are anticipated for in situ studies of phenomena such as cluster nucleation/growth/decay, alloying, defect formation, and segregation on oxide surfaces.
II. EXPERIMENT

A. Considerations
Two major obstacles must be overcome in order to successfully implement in situ STM studies on individual nanoparticles over a wide pressure and temperature range, namely, tunnel junction instability and preselected area loss. The first of these problems can be solved by careful selection of the STM and imaging conditions, with consideration of the following.
͑i͒ Proper choice of tip materials ͑see Refs. 31 and 32͒. In our laboratories, gold tips have been found to be inert but mechanically and thermally unstable. Pt-Ir tips are relatively inert while imaging under elevated pressures of O 2 and water, yet are insufficiently stiff to withstand occasional contact with a surface which unavoidably occurs during scans at elevated pressure. Clean tungsten tips can be successfully used in a hydrogen atmosphere 32 but fail in an oxidizing environment. Under weak tunneling conditions polycrystalline tungsten tips coated with a thin oxide layer can be successfully used as a stiffness-reactivity compromise when atomic resolution is not required.
͑ii͒ Use of imaging conditions that offer minimal tipparticle interactions. Most of the STM images in the experiments reported here were acquired in a constant current mode with elevated ͑1-3 V͒ bias potential at steady state pressure/temperatures and with the tunneling parameters maintained constant for the entire experiment. Because of the low current imaging capability ͑in the picoampere range͒ of our preamplifiers, 33 the images for this study were acquired at the rather large tunnel junction impedance of approximately 50-100 G⍀, ensuring a large tip-surface separation. This is crucial to the successful imaging of individual oxide supported nanoparticles while changing the ambient conditions of the STM in situ over a wide dynamic range. The targeting of the individual particles can be successfully carried out by nanoscale indexing of a preselected area during and/or after treatment. This is achieved by using the STM tip under tunneling conditions as a mask during particle deposition. Thus, using the wedge-like nanostructure created by the tip ''shadow'' as a reference marker, preselected areas can be readily located after chemical ͑or any other͒ in situ treatments. Data can be easily compared within a single experiment on identical parts of the surface. Specifically, a number of experiments on individual nanoparticles can be performed without the usual concern regarding the statistical limitations of the particle ensemble chosen, lateral surface inhomogeneity, temperature gradients, tip modifications, etc. A similar approach was first implemented by Voigtländer and coworkers to study in situ epitaxial growth of semiconductors, surface diffusion and STM tip characterization. 34 -37 The combination of the latter technique with high pressure studies has great potential for the study of supported nanoparticles and model catalysis as will be demonstrated in the following sections.
B. Apparatus
The experimental setup consists of a commercial ͑RHK VT-UHV-300͒ variable temperature STM with an attached UHV ͑base pressure of 2ϫ10 Ϫ8 Pa) preparation/analysis chamber and a rapid interlock transfer system ͑Fig. 1͒. The STM chamber can be isolated from the UHV system via a gate valve and can be pressurized with gases from an UHV gas manifold to several hundred pascal while scanning the STM tip. 38 The STM chamber can be evacuated with sorp- tion pumps to ϳ10 Ϫ1 Pa under tunneling conditions without vibration.
The microscope is a Besocke-type design 39 where the scan head is mounted on a helical tripod sample holder ͑Fig.
2͒. This open design facilitates access from the side to the tunneling region and allows 360°for azimuthual access and approximately 45°-80°access with respect to the sample normal. Custom-made ͑5 W͒ minidosers for metal deposition are mounted about the scan head on adjustable ports located 5 cm away from the junction region. These precisely positioned, shielded, and outgassed evaporators can be used to direct well-collimated and calibrated ͑in these experiments usually 3ϫ10
Ϫ3 monolayer equivalents, ML, per second͒ atomic beams onto the tunnel junction region ͑Fig. 2͒. Careful positioning and beam collimation are crucial to the delivery of metal atoms to the tunneling junction and for avoiding metal deposition onto the piezo tubes of the scan head. In the experiments discussed later, the deposition angle ␤ was 55°w ith respect to the surface normal. The oxide support sample ͓TiO 2 (110) crystal 10ϫ3ϫ0.5 mm, Commercial Crystal Laboratories͔ was snugly attached to a polished n-doped Si wafer that could be heated to 600 K radiatively from the back using a 30 W halogen lamp or to Ͼ1000 K by passing direct current through the Si support ͑see inset in Fig. 2͒ . Temperature measurements were made via a thermocouple attached to the Si support, therefore the reported temperatures represent an upper limit. The titania crystal was reduced by heating the sample for several hours at approximately 1000 K in UHV. Before each experiment the sample surface was treated with several sputter ͑20 min, 2 A, 800 eV͒ and anneal cycles ͑5 min, 1100 K͒ as described elsewhere. 40 The mildly reduced titania surface exhibited a ͑1ϫ1͒ reconstruction with no traces of impurities as verified by STM and Auger electron spectroscopy.
C. Surface nanostructuring using the tip silhouette
Metal deposition performed while the tip is in tunneling contact with the sample and ''parked'' over a preselected point creates a wedge-like tip silhouette on the sample within which no metal is deposited. As has been noted 34 a denuded zone is present in front of the tip ͓marked as b in Fig. 3͑a͔͒ to which the deposited metal has no direct access due to the curvature of the tip. For most applications, minimization of the b parameter is crucial since small b values on the order of 10 nm offer the possibility of high resolution, rapid dynamical studies during ͑or immediately after͒ deposition without readjustment of the tip position with respect to the silhouette border. Simple calculations indicate that the width of zone b increases with an increase in the tip radius R and decreases with an increase in the deposition angle ␤ and tunneling gap ␦ ͓see Fig. 3͑a͔͒ . For ordinarily prepared tips with an apex curvature on the order of a few tens of nanometers, this would require a near grazing incidence deposition angle. This deposition geometry, however, is unfavorable with respect to the stability of the tunneling junction due to adsorption, diffusion, and aggregation of the deposited material onto the apex of the tip. The consequence of the latter effect can be demonstrated by comparing the consecutive images taken with a pristine and an exposed tip. In Fig. 3͑b͒ the left image represents a bare, sputtered and annealed TiO 2 (110) surface imaged with a clean tip. The right image of Fig. 3͑b͒ was acquired after a small amount of Au(2ϫ10 Ϫ2 ML) was deposited onto the tip. As can be seen, the unevenness of the terraces in the left image disappears in the right image. Although the deposition of Au onto the tip did not degrade the lateral resolution, it does apparently change the electronic structure of the tip making it insensitive to defect sites ͑or unidentified impurities͒ clearly visible in the left image. The ''sensitivity'' of the tip is recovered via cleaning in situ using voltage pulses. In addition to creating a fiducial mark for in situ studies of individual nanoparticles, tip shadowing also offers the deposition option of using the tip as a precisely controlled nanomask. Because of the extreme proximity of the tip to the surface, the sharpness of the shadow is well-defined. The estimated irregularity of the silhouette edges for a particular deposition geometry is less than 4 nm near the apex of the tip with the sharpness of the silhouette edges determined mainly by the diffusion length of the adsorbate atoms before nucleation or capture. In addition precise control over the position of the tip as a mask allows the synthesis of laterally separated, compositionally different nanostructures via simply tuning the geometry of the deposition and/or changing the deposited material. 41 This allows the possibility of synthesizing and comparing in situ on the same area of the support individual nanoparticles with precise size and composition. In addition, various treatments of individual nanoparticles and preselected areas of the support with molecular, electron, or ion beams can be performed using the same mask, thus providing comparative access at the nanoscale to important issues like defect formation, particle decomposition, support sputtering, chemical treatment, etc. Some potential applications of this approach are demonstrated in the following sections.
D. Imaging within an elevated pressure environment
Although STM is routinely used within UHV, intermediate 15, 19 and elevated pressure environments, 28, 29 in situ imaging of individual clusters weakly bound to a support over a wide pressure range remains a challenging task. 41, 42 Several of these obstacles along with approaches to overcoming them are discussed later.
A gas ͑or a mixture of gases͒ is fed slowly ͑Ͻ0.05 Torr l /s͒ into the imaging chamber with the STM tip partially retracted using the Z offset and parked at a preselected location. Alternatively, the tip can be left in tunneling contact with the sample. However, in the latter case extra care is required with respect to the Z offset to prevent tip crash during the pressure excursions. There are several sources of pressure-induced travel of piezos. First, at the onset of the pressure excursion ͑at approximately 10 Ϫ4 Pa) charged particles produced within poorly shielded regions contribute to the tunneling current, and thus influence markedly the height of a STM tip operating in the constant current mode. Second, although the pressure scan is carried out at a constant sample temperature, modifying the thermal conductance of the sample environment changes the rate of heat dissipation at the sample stage and the scan head. This, in turn, causes significant X, Y, and Z drift of the tip with respect to the preselected location. In the particular studies described herein, the lateral shift of the tip position was limited to a few microns for eleven decades of pressure change within the temperature range 300-450 K. Such an offset can be easily compensated for by marking the surface using the ''shadow'' technique. Third, when gases ͑water vapor, for example͒ are used at pressures above their room temperature condensation point, microdroplets of the condensate can form between the X, Y, Z, and ground segments of the piezoelements. As a consequence, new conducting and/or capacitive coupling channels can be formed between the metalized segments of the piezotubes. The later cause crosstalk and leakage currents between the different scanning/offset segments of the piezotubes and in the signal circuit. Neither reliable tunneling nor meaningful scans can be performed under these conditions. In addition, electrical discharge can develop between the nearest metalized segments on the piezotubes due to the strong inhomogeneity of the electrostatic field between them and the reduced electric strength of the condensate.
Electrical breakdown can occur within a certain gas pressure range when sufficient voltages are present on the piezotube and/or feedthroughs. The breakdown is, of course, dependent on the gas, potential difference between electrodes, the material, and the spacing. For the control electronics unit used in this study ͑RHK SPM 100͒ the potential difference between electrodes can be as much as 260 V, a potential that exceeds the minimal breakdown voltage for a large variety of gases. 43 For most of the gases the ''saddle'' part of the Paschen's curve corresponds to the product of pressure p and distance d at a value of ϳ10 2 -10 3 Pa mm. 43 Therefore, imaging for certain gases at the usual interelectrode spacing for the piezos and feedthroughs of a microscope at pressures of 10-10 3 Pa can be problematic. In our experiments, the use of Ar, N 2 , CO, O 2 , and air led to discharge phenomena within the pressure range 1 -10 2 Pa. These discharges give rise to fluctuations of the offset potentials on the piezos. A practical solution to this problem is to interrupt the imaging within the ''dead'' pressure region or to reduce the potentials on the piezoelements well below those near Paschen's minimum.
To evaluate the importance of the acoustic noise transmittance while imaging under elevated pressures, the noise power spectrum ͑Fig. 4͒ of the tunneling junction ͑Pt-Ir mechanically formed tip, Digital Instruments͒ over n-TiO 2 (110) surface͒ in the constant current mode (V S ϭ2 V, I t ϭ0.01 nA) as a function of O 2 pressure was measured. There is an increase in the acoustic noise to 24 and 26 dB from the vacuum value for pressures of 585 and 10 5 Pa, respectively. This coupled with the overall spectral shift to- FIG. 4 . Noise power spectra acquired over a n-TiO 2 (110) surface at the same location in the constant current mode (V S ϭ2 V, I t ϭ0.01 nA) while dosing O 2 gas.
ward lower frequencies and the enhanced contribution of low frequency vibrations upon pressurizing the chamber indicate the typical degree of noise transmittance and coupling with the chamber vibrations. These collective effects determine the ultimate resolution at elevated pressures.
Finally, in addition to tip instabilities caused by the gas, restructuring of the imaged surface at elevated pressures, tip induced chemical reactions, and related imaging artifacts must also be considered. 40, 44 Furthermore, for condensable gases, meniscus formation at the tip has to be considered when imaging at elevated pressures. 45 
III. RESULTS AND DISCUSSION
The methodology described in the previous section has been used to study a range of important issues related to supported metal clusters including cluster alloying, cluster nucleation growth, thermal sintering, and cluster stability to environmental exposure. Three specific examples of Au and Ag nanoparticles supported on titania are summarized in the following sections to demonstrate the potential of this imaging approach for studying the synthesis of alloy clusters, their evolution in an elevated pressure environment, and the influence of temperature on their sintering properties. Figure 5 shows the typical nanostructure formed using the shadowing technique. Au atoms were deposited directly onto the tunnel junction formed between a W tip and a TiO 2 (110) surface, homogeneously precovered with Ag. The structure created is several millimeters long and consists of a narrow wedge with an apex of a few hundred nanometers in diameter. Given that the ultimate lateral drift of the tip with respect to the sample typically is within the micron range for most in situ sample treatments, the silhouette feature offers a convenient, easy-to-find, fiducial mark. This sequential deposition method also is a convenient way to synthesize in situ multicomponent supported nanoparticles. Indeed, the unexposed ͑shadowed by tip͒ area containing exclusively Ag clusters remains intact and distinctly separate from that part of the surface with pure Au and Ag-Au mixed clusters. Monitoring the changes in the nucleation density and cluster size for the Ag-Au exposed area, the nucleation and growth kinetics as well as the morphology and compositional evolution of individual mixed-metal clusters can be studied. 41, 46 B. In situ monitoring of individual particle evolution at elevated pressures Using the approach described herein, the particularly complex problem of catalyst/sensor deactivation under environmental or reaction conditions can be addressed. In particular, a comparative study of the effect of elevated water and air exposure on Ag, Au, and Ag-Au nanoparticles was explored. In Fig. 6 , STM images of a mixed-metal Ag-Au/TiO 2 system discussed in the previous section are shown: ͑a͒ as prepared in UHV, and ͑b͒ the same Ag, Au, and Ag-Au mixed clusters during exposure to 10 3 Pa of water vapor for 30 min at room temperature. Comparing these two images, no remarkable changes can be seen for the Ag, Au, or Ag-Au mixed clusters, indicating the stability of the interface toward this particular elevated-pressure treatment. An insignificant fraction of the smallest clusters of all varieties appears to be unstable and decay with exposure to elevated pressures of water ͓see circles in Fig. 6͑a͔͒ . The morphology of this complex Au-Ag/TiO 2 surface changes dramatically as the water vapor pressure reaches its saturation value at room temperature or as the sample is exposed to ambient conditions. Figure 7 was acquired in situ at 2.5ϫ10 4 Pa of ambient air with approximately 70% humidity and demonstrates the value of comparative studies. As can be seen, Au and Ag-Au mixed nanoparticles remain intact with gas treatment. On the other hand, Ag clusters exhibit remarkable sintering. Due to the complexity of the contributing chemical and physical processes taking place at elevated pressure, e.g., titania hydroxylation, Ag oxidation, meniscus formation at the tip, Ag dissolution/precipitation, etc., interpretation of the effect is not straightforward. 46 In Fig. 8 the same TiO 2 area with deposited Au is shown at UHV and under CO oxidation reaction conditions at 450 K. 42 Although the surface in Fig. 8͑a͒ is stable at UHV, elevated pressure CO:O 2 treatment leads to changes in cluster size, density, and substrate morphology. Since no appreciable cluster density reduction is apparent with gas treatment, a simple Oswald ripening mechanism cannot account for the observed size changes. The increase is speculated to arise due to the enhancement of the relative tunneling probability through the clusters relative to the titania surface as a result of the gas exposure. Indeed, the oxidation of the near surface layer leads to the quenching of Ti 3ϩ states responsible for tunneling at flat terraces. However, this purely electronic artifact cannot explain the cluster behavior in which some clusters grow in size while some neighboring clusters vanish. Obviously, clusters respond individually to the gas treatment depending on their local interaction with the support, size, and morphology. For example, smaller clusters with apparent diameter less than 2 nm have a tendency to vanish with gas treatment. It is noteworthy that the titania surface itself is reactive and exhibits noticeable regrowth during high pressure exposure which can be seen as roughening of the flat terraces.
A. Synthesis of ''alloy'' clusters
C. Thermal treatment and sintering
Marking the surface with the tip silhouette facilitates the location of a preselected area even after relative high temperature treatments that induce lateral tip-sample drifts on the order of microns. Although it is an extension of the ''snapshot'' approach, Fig. 9 illustrates the power of this method and the advantages it has over in situ elevated temperature STM studies: Specifically, ͑i͒ the same area can be probed on a wider temperature range where modern scanning microscopes cannot operate; ͑ii͒ the kinetic process can be initiated and interrupted at any stage by changing the temperature ͑this latter advantage is not an option for isothermal high temperature studies which usually need an extended period in order to establish acceptable thermal drift for STM imaging͒; and ͑iii͒ the lateral movement of clusters is not disturbed by tip proximity which usually is a problem for in situ high temperature STM studies on oxide supported nanoparticles. In Figs. 9͑a͒ and 9͑b͒ , the same area of Au-covered TiO 2 is shown before and after annealing to 950 K for 30 min. Dramatic morphology changes are observed upon heating, the major effect being cluster sintering. Contrary to the results for metal deposition at room temperature, following an anneal, the clusters occupy step edges indicating that the adhesion energy of point defects on terraces is insufficient to accommodate stable nuclei at elevated temperatures.
An approach has been demonstrated for the synthesis and evolution of individual supported metal clusters using STM. By judicious selection of the experimental conditions and using the STM tip to index the surface, preselected clusters can be imaged at elevated temperatures and pressures from UHV to approximately one atmosphere. Specifically the Ag-Au/TiO 2 (110) system has been used to explore cluster growth, alloying, sintering, and the influence reactive gases on cluster morphology. This methodology is applicable to a wide-range of supported cluster problems in catalysis and related areas.
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